ABSTRACT Wind speed fluctuations are extremely easy to cause the voltage change frequently. The existing voltage control methods are lacking in adjustment range and response speed. When wind speed fluctuates substantially or rapidly, voltage exceeding limit and the resulting grid safety problems cannot be avoided. Therefore, reasonably distributing and utilizing the reactive power of variable speed wind turbines in the whole network are an inevitable choice. However, the controllable reactive capacity of wind turbines is limited by converter capacity and active power, and thus, the grid demand may not be met. A new idea of active and reactive power-coordinated control for preventing voltage exceeding limit due to wind speed fluctuations was proposed. The effects of wind speed fluctuations on voltage were analyzed, and the controllable reactive capacity of variable speed wind turbines under wind speed fluctuations was studied. The relationship between voltage and the active and reactive power of wind farms was deduced. The theory and method of active and reactive power coordinated control before wind speed fluctuations were proposed based on the model predictive control theory. The control model based on multi-timescale was established. Finally, it was verified that the method can solve the voltage problems and maximize the system economy. 
I. INTRODUCTION
Wind power has been increasingly developed throughout the world for the past few years [1] . The active power output by wind turbine fluctuates with the wind speed fluctuations, therefore, the intrinsic randomness of wind energy will threaten the power balance of the power grid [2] . With the growing demand for renewable energy generation, wind power is developing to large-scale centralized construction. A regional power grid containing high-proportion wind power is generally connected to a load center through longdistance transmission lines, causing the support on the point of common connection (PCC) voltage is insufficient [3] .
The associate editor coordinating the review of this manuscript and approving it for publication was Enamul Haque. This problem will become more serious because of the rapid and random wind speed fluctuations [4] .
The wind farm grid connection standard generally requires that wind farms must ensure the PCC voltage within an allowable range. Nowadays, a common measure for realizing this requirement is installing capacitors or reactors in the wind farms or integration substations, or regulating transformer tap [5] , [6] . However, the change rate of voltage during wind speed fluctuations may be quite rapid, even more than 6kV within 10s in some wind farms [7] . Therefore, it may be difficult to control the PCC voltage within an allowable range by capacitors, reactors or transformer tap in the case of rapid wind speed fluctuations. Static var compensator (SVC), which can realize smooth and rapid reactive power adjustment, is more applicable [8] . However, it has been investigated that the configured capacity of SVC is insufficient at present because of the expensive costs [9] . Historical data shows that the range of voltage fluctuation caused by wind fluctuation was more than 10% per day [7] . Therefore, it may be difficult to control the PCC voltage within an allowable range by SVC in the case of great wind speed fluctuations [10] . Moreover, SVC may cause voltage overshoot due to the hysteresis response, even leading to the cascading trip-off of the wind turbines [3] , [11] . It further limits the application of SVC even without considering the costs.
For the wind farm owners, voltage exceeding limit influences wind turbines generate electricity normally and hinders wind turbines grid-connected operation, causing great economic losses. For power system operators, voltage exceeding limit caused by wind power may result in protection maloperation, equipment damage or even grid stability problems, bringing great security risks. As the installed capacity of wind power keeps increasing, the limitations of voltage control methods for wind power grid-connected power system are becoming increasingly serious.
Variable speed wind turbines (VSWTs) represented by permanent magnet synchronous generator (PMSG) and doubly fed induction generator (DFIG) have become the main equipment for wind power [3] . VSWTs can realize the decoupling control of active and reactive power by converter control. Therefore, the flexible and fast controllable reactive capability of VSWTs have become a reliable choice for solving the voltage problem of a grid-connected wind farms [12] .
In recent years, the reactive power control of wind power system have received a lot of attentions, however, these researches mainly focused on the transient support of VSWTs for the voltage under grid fault [13] - [16] . However, the reactive control of wind turbines is not only employed for grid fault cases, but also for wind speed fluctuations. At present, there have been some studies on reactive control of variable speed wind turbines under normal operating conditions, and the voltage fluctuations have been proven greatly mitigated [7] , [9] , [17] , [18] . Above methods for voltage control are realized by the reactive capacity of wind turbines, the reactive capacity is regarded as a fixed value determined by the converter capacity [19] .
However, the reactive capacity of VSWT is influenced by its real-time active power. When the wind speed increases, the active power of VSWT increases while the reactive capacity decreases. Meanwhile, the reactive demand will increase as the voltage at the point of common connection (PCC) decreases. The reactive capacity could be unable to ensure the voltage within an accepted range if the wind speed fluctuates seriously. Therefore, when the voltage exceeding limit caused by wind speed fluctuations is unavoidable, it is an efficient method to beforehand adjust the active power of wind farms according to wind speed prediction, and reasonably distribute the active and reactive power of wind farms. Compared with the problems caused by over-limit voltage such as losing the grid-connected capability and decreasing the system security, the proposed method can perform better both in terms of economic and security. It should be noted that the control method proposed in this paper is only used for the cases that existing reactive capacities and control methods cannot ensure the PCC voltage within an allowable range.
To solve the voltage problems caused by wind speed fluctuations, a new control idea by coordinating active and reactive power was proposed. The effects of the active power of VSWTs on controllable reactive capacity and voltage were included. The active and reactive powers of VSWTs were optimized to prevent voltage exceeding the accepted range according to the wind speed prediction. This paper is reorganized as follows: Firstly, the effects of wind speed fluctuations on the grid voltage were analyzed; Secondly, the controllable reactive capacity of a VSWT under wind speed fluctuations was deduced; Subsequently, the relationship between voltage and active and reactive powers of VSWTs was deduced; Then, the idea and method for voltage control by coordinating the active and reactive power was proposed, and the multi time-scale control model based on model predictive control theory (MPC) was established; Finally, the effectiveness of this method was demonstrated by using examples.
II. POWER-VOLTAGE CHARACTERISTICS OF WIND POWER SYSTEM A. INFLUENCES OF WIND SPEED FLUCTUATIONS
As the wind speed fluctuates, the active power of wind machine will fluctuate as well. The active power output by DFIG is approximately equal to the mechanical power because the converter and internal losses are small enough to be neglected [20] , which can be written as [21] 
where ρ is air density, R is blade radius of wind machine, v w is wind speed, s is slip ratio, and C pmax is the maximum rotor power coefficient. The converter and internal losses of PMSG are small enough to be neglected as similar with DFIG. The maximum active power output by PMSG at one wind speed is equal to the mechanical power because the wind machine is directly connected to the drive shaft. Therefore, the active power of PMSG is written as
A power system contained with m wind farms is shown in Figure 1 , where B2 is the PCC, T 1 is the booster station, and the line from B2 to B3 is the AC transmission lines. Moreover, the reactive power compensators are installed at B1. The active and reactive powers from VSWTs flow past B1, and converge together with the reactive power of compensators. Then, the powers from B1 flow past T 1 and transmit to the grid.
The relationship between the voltage at PCC and B1 and the active and reactive power of the power system in Figure 1 can be expressed as [22] 
where U pcc is the PCC voltage variation, U B1 is the voltage variation at B1, P w and Q w are the active and reactive power variations passing through T 1 respectively, and us is the sensitivity matrix of voltage-power, which is
where a 11 and a 12 are the sensitivities of PCC voltage to active and reactive power passing through the booster station respectively, a 21 
B. CONTROLLABLE REACTIVE CAPACITY OF VSWT
The reactive power of DFIG is the sum of stator and grid-side converter reactive power. Considering the limit of grid-side converter capacity and rotor current, the controllable reactive capacity of DFIG is [23] 
In Equation (5),
where I rmax is the maximum current of rotor, U sm is the amplitude of stator voltage, P Ds is the active power of DFIG stator, R s and X s are the stator resistance and reactance respectively, X m is the magnetizing reactance, S Dc is the grid-side converter capacity. The power controllable range on stator side is a circle with the center of (P sc , Q sc ) and the radius R sc . The controllable reactive power of PMSG is influenced by its converter capacity. Therefore, the reactive power capacity of PMSG can be written as
where S Pc is the capacity of grid-side converter of PMSG, and P P is the active power. Under wind speed fluctuations, PCC voltage variation should be limited into an accepted range. According to Equation (3), the reactive demand of ensuring the PCC voltage within an acceptable range can be written as
where U Pcc,al is the maximum allowable variation on PCC, N D and N P are the number of DFIG and PMSG respectively, P D and P P are the active power variation of DFIG and PMSG respectively.
The reactive control of DFIG and PMSG can quickly respond to voltage variation and make up for voltage variation due to wind speed fluctuation [24] , [25] . However, the controllable reactive power of a wind farm is the sum of the reactive capacity of all VSWTs. The reactive capacities of VSWTs depend on their active power, which may be unable to limit the PCC voltage into an accepted range.
III. CONTROL IDEA OF COORDINATING ACTIVE AND REACTIVE POWER
Wind speed fluctuations affect grid voltage through active power directly and through the reactive power indirectly. The reactive control of VSWTs is an effective measure to make up for voltage variations. Moreover, the controllable reactive capacity of wind farms can be improved and the voltage can be limited into an acceptable range by adjusting the active power of VSWTs proactively [26] . Therefore, the effects of active and reactive power should be considered for controlling the grid voltage under the wind speed fluctuations.
Equation (11) can judge whether the reactive demand of limiting the PCC voltage into an acceptable rang can be met. (11) where Q c,max is the maximum adjustment range of reactive power compensation devices. When the controllable reactive power of grid cannot meet the system demand, the active power of VSWTs is adjusted before the wind speed fluctuations to improve the reactive power capacity. The active power of grid is usually ample; thus, the reduced active power of wind farms can be compensated through the coordination of power grid. Therefore, the controllable reactive capacity of VSWTs can be improved VOLUME 7, 2019 FIGURE 2. Active and reactive power-coordinated control.
by reducing the active power. When the wind speed fluctuates seriously, the measure can be used for the rapid voltage control. The control theory of coordinating active and reactive power is shown in Figure 2 .
If Equation (11) is not satisfied, the controllable reactive capacity of the wind power system is insufficient. Thus, VSWTs should be controlled at the reactive power limit. The PCC voltage can be expressed as
In Equation (12),
where U pcc is the PCC voltage before power variation, Q D and P D are the reactive and active power of DFIG before power variation, P P and Q P are the active and reactive power of PMSG before power variation respectively. Figure 3 shows the relationship between PCC voltage and active power of VSWTs. PCC voltage is a non-monotonic function of the active power of DFIG and PMSG. According to Equation (12) , U pcc changes linearly with N D or N P , so the change rules of U pcc under any N D and N P are same to the Figure 3 . Therefore, whatever the value of N D and N P are, under the premise of satisfying the active power flow balance and voltage within allowable range, there is an optimum value which can maximize the active power of VSWTs.
Under the same load, the greater the active power of VSWTs is, the smaller the active power of thermal power units and the better the grid economy are. Therefore, the reduction in the active power of VSWTs should be minimized. The active power of VSWTs affects the grid voltage directly, although it affects grid voltage indirectly through the controllable reactive capacity of wind farms. Therefore, the active and reactive power of VSWTs must be coordinated to limit the grid voltage into an allowable range while maximizing the power system economy. The uptime and off-time of thermal power units are limited, and switching capacitors is difficult to meet the response speed requirements under rapid wind speed fluctuation. Therefore, thermal power units and capacitors can hardly realize short-term or real-time control. However, the prediction error of wind speed is large under long-term scale, resulting in large control errors. Therefore, a multi-timescale active and reactive power-coordinated control strategy before wind speed fluctuation based on MPC is proposed. Figure 4 shows the multi-timescale control theory based on MPC. The relationship between long-term optimization control and shortterm control is:
1) Long-term optimization control is mainly used to determine the switching states of capacitors and the combination of thermal power units in grid, which will not change in the short-term scale. The long-term control objective is to minimize the generating costs of thermal power units, which includes operating and start-up costs. Long-term control starts at every T time interval and predicts wind power and load in future M T periods. However, each power supply only executes the power plan at the first moment. At the next moment t 0 + T , the time window moves backward by a time interval, and the above process is repeated.
2) Short-term optimization control is mainly used to determine the actual power of each power supply. The short-term control objective is to minimize the operating cost of thermal power units. The sampling step-size of short-term control is T ( T < T ), the actual power of each power supply will be corrected in real time. Then repeat the process of shortterm control until at the next sampling moment of long-term control.
The MPC technology can obtain an optimized control sequence through considering comprehensively the predicted data and the current operating status of the power grid. According to the wind speed prediction, the active and reactive power of VSWTs and thermal power units are optimized online based on MPC. Therefore, the grid voltage can be limited into an allowable range and the operating costs of the power system is lowest.
IV. CONTROL MODEL BASED ON COORDINATING ACTIVE AND REACTIVE POWER A. LONG-TERM CONTROL MODEL
The control variables of long-term scale include active and reactive power of each thermal power unit and each wind farm, reactive compensation of capacitors, and reactive power of SVCs. The control model optimizes the above control variables according to the long-term wind speed prediction. The system economy can be expressed by the generating costs f 1 of all thermal power units, which include operating and start-up costs. Wind power consumption is maximized by adding a penalty termf 2 of abandoning wind to the objective function, which has the following expression:
where t = 1, 2, . . . , N t , N t is the number of time interval under long-term scale, i = 1, 2, . . . , N G , N G is the number of thermal power units,
is the 1-0 variable indicating the i-th thermal power unit operating or not at time t, B i.t is the 1-0 variable indicating the i-th thermal power unit switching on or not, P G.i.t is the active power of the i-th thermal power unit at time t, is the start-up cost of the i-th thermal power unit, C w is the cost coefficient of abandoning wind, a i , b i and c i are characteristic parameters of energy dissipation,P w.k.t and P w.k.t are the predicted and actual active power of the k-th wind farm respectively. The long-term control model has the following constraints: 1) Constraint of system power balance
where P L.t and Q L.t is the active and reactive load of grid under long-term scale respectively, Q G.i.t is the reactive power of the i-th thermal power unit at time t under long-term scale, P w.k.t and Q w.k.t are the active and reactive power of the k-th wind farm at time tunder long-term scale respectively, Q c.t and Q svc.t are the reactive power of capacitors and SVCs at time tunder long-term scale respectively.
2) Power constraint of wind farm
where Q max w.k is the controllable reactive capacity of the k-th wind farm under the predicted active power.
3) Power constraint of thermal power unit
where P max G.i.t and P min G.i.t are the allowable maximum and minimum active power of the i-th thermal power unit respectively, S N G.i is the rated apparent power of the i-th thermal power unit. 4) Climbing ability constraint of thermal power unit
G.i (20) where R u.i and R d.i are the climbing speed and landslide speed of the i-th thermal power unit respectively. 5) Minimum starting-up and shutdown time constraint of thermal power unit (22) 0 ≤ Q svc.t ≤ Q svc.max (23) where Q c.max and Q svc.max are the maximum reactive power of capacitors and SVCs respectively. 7) Voltage constraint at PCC U pcc.min ≤ U pcc.t ≤ U pcc.max (24) where U pcc.t calculated by Equation (3) 
B. SHORT-TERM CONTROL MODEL
The on/off state of thermal power units and capacitors are determined under long-term optimization control. The control variables of short-term scale include: active and reactive power of each thermal power unit, active and reactive power of each wind farm, and reactive power of SVCs. The above control variables are optimized on the basis on short-term wind speed prediction. The short-term control objective is minimizing the operating cost of thermal power units. Under the short-time scale, wind farms can increase the wind power consumption capacity by abandoning wind [27] , so there is no penalty term in this objective function. The expression of F 2 is:
where P G.i.t is the active power of the i-th thermal power unit under short-term scale.
The short-term control model has the following constraints:
1) Constraint of system power balance
where P L.t and Q L.t is the active and reactive load of grid under short-term scale respectively, Q G.i.t is the reactive power of the i-th thermal power unit at time tunder short-term scale, P w.k.t and Q w.k.t are the active and reactive power of the k-th wind farm at time tunder short-term scale respectively, Q svc.t are the reactive power of capacitors and SVCs at time t.
w.k (27) whereP w.k.t is the predicted active power of the k-th wind farm at time t under short-term scale.
where U pcc.t calculated by Equation (3) is the PCC voltage at time t under short-term scale. 
V. EXAMPLES
For verifying the validity of active and reactive powercoordinated control method, an example of 5 wind farms integrated into a standard IEEE57 system is built. Figure 5 shows the system diagram, where the red node represents the point of common connection. The total installed capacity of all VSWTs is 225 MW, and the length of the AC transmission line between PCC to the IEEE57 system is 40 km. The capacitor capacity of hosting wind farms is 35Mvar, and the SVC capacity is 250Mvar. The five wind farms consist of 80 DFIG and 70 PMSG. The capacity of a VSWT is 1.5 MW, and the rated wind speed is 15 m/s. There are 7 thermal power units in the IEEE57 system. Table 1 lists the active power limit and the cost coefficients of each unit, and number of each unit is the conjoint node ID. The No. 1 thermal power unit is a balancing unit. Under the wind speed fluctuations, the multi-time rolling optimization based on MPC is used, and the influences of three models are compared. The control step-sizes of longterm and short-scale are 15 and 5min, respectively. The particle swarm optimization is adopted in the three models, and the model is introduced as follows.
In the first model, abandoning wind is not considered in wind farms, that is, the active power of VSWTs is based on the real-time prediction. The optimization objective of the first model is minimizing the generating costs of thermal power units. In the second model, abandoning wind is considered, that is, the controllable reactive capacity of all VSWTs can be increased by decreasing active power according to the wind speed prediction. However, the influences of active power of VSWTs on PCC voltage are not considered. The optimization objective of the second model is minimizing the generating costs of thermal power units under ensuring the voltage within an allowable range. The third model is the active and reactive power-coordinated control strategy proposed in this paper. In the third model, wind farms are allowed abandoning wind, and the influences of active and reactive power on PCC voltage are considered. The optimization objective of the third model is minimizing the generating costs of thermal power units under ensuring the voltage within an allowable range. In all models, the reactive power compensation quantities of capacitors and SVCs are considered. Figure 7 shows the active power predictions of all VSWTs based on the above wind speed. Figure 8 shows the active load of grid within 4 h under multi-timescale. As shown in Figures 6 and 7 , the active powers of VSWTs increase as the wind speed increases.
The amplitude of PCC voltage under the three model is shown in Figure 9 . PCC voltage is able to maintain 1.0 pu when the reactive power demand of the power system is met. Figures 10 and 11 are the active and reactive power of variable speed wind turbines respectively at different times under the three models. As shown in Figure 10 , when taking the first model, the active power of variable speed wind turbines is equal to the active power prediction under short-term VOLUME 7, 2019 FIGURE 11. Reactive power of wind farms under three models.
scale, and the active power of the second model was the smallest. At 115-140 min, when taking the second and third models, variable speed wind turbines proactively reduce active power to increase the controllable reactive capacity. Hence, the active power of variable speed wind turbines is smaller than the first model. As shown in Figure 11 , at 0-40 min, the reactive demand of PCC can be met by capacitors and SVCs, and thus variable speed wind turbines do not output reactive power. As the wind speed increases, capacitors and SVCs fail to meet reactive power demand, and variable speed wind turbines need to output reactive power to compensate for the reactive power deficits. At 115-140 min, when taking the first model, wind farms output reactive power depends on the controllable reactive capacity. When the second and third models are considered, the reactive power of the variable speed wind turbines increases and the second model has the largest reactive power. As shown in Figures 9 to 11 , the second and third models improved the controllable reactive capacity of wind farms by reducing active power, providing sufficient reactive support for grid to meet the voltage demand. However, the influences for active power of wind farms on grid voltage are considered under the third model. This condition conforms to the actual state and improves the active power of wind farms. Figure 12 compares the active power of thermal power units under the three models. As shown in Figure 12 (a) , the active power of units #2, #3, #6, #9, and #12 under the three models are in agreement. The unit #3 is full load at all times, #6 and #9 always remain off, #12 always output power of 60 MW, and #2 changes from 100 MW to 0 MW at 3 h. Therefore, the differences in the active power of units under the three models are only in #1 and #8. Figure 12 (b) compares the active power of thermal power units #1 and #8 in the three models. At 115-140 min, the second and third models reduce the active power of VSWTs to limit PCC voltage into an allowable range. Hence, increasing the active power of thermal power units is necessary to compensate for the deficit of active power. Units #1 and #8 are adjusted for to maximize economy of the power system. Figure 12 indicates the active power of thermal power units in the second model is more than that of the third model. Therefore, the third model can limit the PCC voltage into allowable range through small economic losses. The abandoning wind indicators of VSWTs and the total costs of thermal power units under the three models are shown in Table 2 . It can be seen from Table 2 that the abandoning wind ratio of the second model is higher than the third model. Furthermore, the generating costs of thermal power units under the first model is the highest, and the model proposed in this paper has the lowest power generation costs
VI. CONCLUSION
The reactive control of VSWT is an effective measure to make up for voltage variation under wind speed fluctuation. However, the controllable reactive capacity of wind farms, which depends on active power, may be unable to limit PCC voltage into allowable range. Furthermore, voltage can be influenced to an extent by changing active power. Therefore, the influence of active and reactive power of wind farms on grid voltage should be considered.
In this paper, the new idea of voltage control was proposed based on coordinating active and reactive power before the wind speed fluctuations. According to the wind speed prediction and the sensitivity matrix, the grid voltage was limited into an allowable range by adjusting the active power of VSWTs in advance and fully excavating the controllable reactive capability of VSWTs. The active and reactive power of VSWTs and the grid were optimized under the control objective of maximizing the power system economy and the constraints of voltage, power flow, power supply and so on. The method can effectively improve the contradiction between the influence of wind speed fluctuation on voltage and the limitation of controllable reactive power capacity of wind turbine through a small amount of wind abandonment. The examples in this paper have verified that the control method can quickly and effectively prevent the voltage problems and realize the safe and economical operation of the grid under the rapid and serious fluctuations of wind speed.
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